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Analysis of ultrathin SiO , interface layers in chemical vapor deposition of
Al,O5 on Si by in situ scanning transmission electron microscopy
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The development of AD; as an alternative gate dielectric for microelectronic applications depends
on the ability to grow a high-quality nanoscale thin film that forms an atomically abrupt interface
with Si. Here, the combination @ situ Z-contrast imaging, electron energy loss spectroscopy and
x-ray photoelectron spectroscopy of amorphougilfilms grown by metalorganic chemical vapor
deposition shows that excess oxygen incorporated into the film routinely reacts with the Si substrate
to form an amorphous SiQinterface layer during postdeposition annealing. The intrinsic
oxygen-rich environment of all films grown by such techniques and the necessity of postdeposition
processing in device applications implies that control and optimization of the iBi€face layers

could be of utmost interest for high-dielectric stacked structures. @03 American Institute of
Physics. [DOI: 10.1063/1.1597415

One of the key challenges facing the continued advancesition chambef. (For more details see Ref).9Prior to the
ment of integrated circuit technology over the next five yeardeposition, the substratglouble polishedn-Si(100) float
is the identification of highe dielectric materials. Aluminum zone wafet was thoroughly cleaned to remove organic con-
oxide (ALOs;) has gathered considerable interest, primarilytamination and native oxide from the surface. The expected
due to its potential to replace SiGas the dielectric layer native oxide growth-rate on such a substrate is less than 0.5
in complementary metal-oxide—semiconductor devicenm in 30 min under continuous exposure tg & 300 °C.
fabrication! Besides having a dielectric constant which is  The films were characterized by a combination of
more than twice that of SiQ Al,O; has a band gap of atomic-resolutionZ-contrast imaging, electron energy-loss
~9 eV with 2.8 eV conduction band offset to Si. Further- spectroscopyEELS) in the scanning transmission electron
more, perhaps the most notable of the desirable properties faicroscope (STEM), x-ray photoelectron spectroscopy
the ability of stoichiometricAl,O; to form a thermodynami- (XPS), and Fourier-transform infrare@FTIR) spectroscopy.
cally stable interface” with Si. This is in fact a considerable These techniques were used to investigate the structural and
advantage, as in order to function as a highaterial and  chemical changes that occur in the films during the postdepo-
deliver low electrical thickneséor higher gate capacitance sition annealing step. The combinationzontrast imaging
with a larger physical thickness, the formation of a lew- (which can identify small changes in atomic numband
S|02 interface |ayer must be prevented. However, the O/Ale|ectr0n energy loss Spectroscdpghich can quantify com-
ratio of ultrathin (<10 nm) aluminum oxide films, obtained position and bonding fluctuationsan provide an accurate
by processes that are currently employed for deposition dejescription of the structure and chemistry of the interface
pends sensitively on the process, and may be considerablyith high spatial resolution<2 A). Z-contrast images and
higher than stoichiometric AD;.>~" In such cases, the in- EE|S spectra were also obtained while the as-deposited
terface with Si may not be as stable and this issue assumegmple was heateid situ inside the STEM. As the partial
key importance in determining the applicability of 8; 10 pressure of © inside the microscope column is-5
next generation integrated circuits. X108 Pa, any observed changes in the interface structure

In this letter we present direct atomic scale analyses Opriginate from the diffusion of oxygen present in the original
the interface betweemonstoichiometrienetalorganic chemi-  gample.
cal vapor deposited ultrathin aluminum oxide films and Si The STEM and EELS results presented in this letter
(100 during in situ annealing. It is important to note here \yere obtained using a JEOL 2010F STEM/TEM, having a
that the nonstoichiometry is a natural result of the growthgchottky field emission gun-source and being operated at
process in trimethyl aluminuniTMA) and G and not an  >qq kyZI%!1The microscope is equipped with a standard “ul-
artifact deliberately introduced into the experiment. They, high resolution” objective lens pole piece, a JEOL annu-
deposition of the films was carried out under standard congy, qark-field detector and a postcolumn Gatan imaging
ditions of 300 °C and 0.5 Torr using TM#Akzo Nobe) and  jjter91° The experimental setup for this microscope (
oxygen in a custom-built low-pressure chemical vapor depo= 1 3 mrad,d,=52 mrad allows us to use low-angle scat-

tered electrons that do not contribute to the incoherent
dElectronic mail: klie@bnl.gov Z-contrast image for EELE As the two techniques do not
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AL ' ' ' from the Si substrate contains the &i-edges with an edge-
onset at (99.80.5) eV due to Si contribution but no dis-
tinct white line intensities that would indicate a native
oxide!” The as-depositedilm spectrum contains a strong
Al-L edge (onset: 78.20.5eV), characteristic of amor-
phous ALO; and no measurable intensities at either tHe Si
or the St* core-loss onsets.

Figure Xc) shows the same specimen region after sev-
eralin situ heating cycles to nominally 500 °C that amount to

—
o
-
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S a total heating time of 79 min. The interface between the

Energy Loss (eV)

substrate and the film appears darker now and the overall
film thickness is increased to (4:®.2) nm. The EEL-
spectra Fig. 1(d)] show an unaltered Si-edge fine struc-
ture in the Si supportspectrum 1, but the Si- edge of the
darker region at the substrate-film interfaspectrum 2 ex-
hibits characteristic features of both°%ind St*, indicated
by the unaltered edge onset and the distingt L, white
lines at (11@:0.5) eV and (117.60.5) eV, respectively.
This can be interpreted as being caused by a change from
A predominantly $i to mixed S?—Si** contributions in the
. T spectrum. Spectrum 3, taken from the deposited film shows
AL ——r . : : the Al-L edge [onset: (78.6:0.5) eV] and contribution
. from Si**, indicating that the interface between the amor-
phous AbO; film and the Si substrate contains a significant
amount of SiQ that was formed during thi situ heating
processnsidethe STEM. It is important to note again, that
the partial pressure of oxygen inside the microscope is so
low that any change in the interface structure must originate
from oxygen trapped in thas-depositedilm.
Figure Xe) shows a high-resolutiod-contrast image of
P ™ a 5 nm film annealed for 25 min in Ar at 900 °C. The dark
Enerarlesen region(5 nm) in between the Si and the brighter,8; film
FIG. 1. Z-contrast image of the filrfa) as deposited(c) afterin situ heating m(_jlcates a-SiO;. Th? silicon—oxide layer _EEL spectrum
inside the microscope for 79 min at 500 °C, geilex situannealing in Ar  [Fig. 1(f)] shows a shift of the edge onset with respect to the
for 25 min at 900 °C. The corresponding background subtracted and mulSj substrate spectrum of (6:2.5) eV and a distinct 5, L,
tiple scattering corrected EELS specttei{=1.0 eV) are shown inb), (d).  gp|itting. No aluminum signal is detected, thus indicating a
and (f). pure SiQ layer. The aluminum oxide film spectrum contains
a strong Al pealé!® (onset: 77.2:0.5 eV) characteristic of
interfere,Z-contrast images can be used to position the elecamorphous AlO; and no measurable intensities at either the
tron probe at the desired spot in the sample to acquir&i® or the St* core-loss onsets.
spectra>~'°Several spectra with acquisition times-eD.5 s The XPS and FTIR analysis of the samples, both before
are acquired consecutively in each position and compared tand after annealing corroborates the observations made in
ensure that the beam damage is not contributing significantlthe in situ STEM study. The results of the FTIR study were
to the observed spectral changes. Forithsitu heating ex-  previously reportedand showed the thermal growth of an
periments, a Gatan double tilt heating holder was used, witla-SiO, layer uponex situhigh-temperature annealing. The
a variable temperature range up to 1000 °C. The temperatupéPS (Kratos, AXIS Ultra XP3 spectrum(Fig. 2 shows the
is measured at the heating coils of the specimen holder an8li 2p signal obtained frm a 6 nmas-depositedilm (spec-
does not necessarily represent the actual specimen tempeteym a. The Si 2 peak appearing at 99.3 eV is from°Si
ture. Hence, for short heating cycles and samples with poofhe absence of any signal from"Si(n>0) provides an-
thermal conductivity, the sample temperature might be sigother confirmation of the absence of $ild the as-deposited
nificantly lower than indicated. The specimen drift obtainedsamples. The Al @ signal for theas-depositedilms (not
with this holder is less than 1 nm per minute for temperatureshown herg at 75.4 eV indicates the presence of only the
below 500 °C*® Al®Y state®?%?! The as-depositedfilm was annealed at
Figure Xa) shows an atomic resolutiofcontrast image 500 °C (spectrum b and 900 °C(spectrum ¢ in Ar for 10
of the amorphous ADs, 5 film on the clean Si{100 sub-  min in a quartz furnace. In both cases the Bisignal shows
strate. The film thickness is determined to be (3.5distinct peaks from the %i(99.3 eV} and Si* (102.9 eV
+0.2) nm and the Si substrate is located at the bottom of thetates. The $i intensity relative to the Siis larger for the
micrograph. The interface between the substrate and the filmample annealed at 900 °C suggesting that the thickness of
appears atomically abrupt. Figurébl displays EEL spectra SiO, layer formed during annealing is larger for higher an-

taken from locations indicated in Fig.(d. The spectrum nealing temperatures. The Alp2signal in the annealed
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partial pressure. Hence, the formation of t&iO, layer at
the film-substrate interface during annealing can only be ex-

™ plained by considering diffusion of the excess oxygen
-"é present in the film towards the substrate and reacting to form
S F @ SiO,. The increase in film thickness upansitu heating and

g‘ the change in the Alk edge onsetfrom 78.0 to 77.2 ey

s r ™ . support this hypothesis. This oxidation process continues un-
L2 Si til the equilibrium thickness is attained and the aluminum
A S (b) - oxide film becomes stoichiometric. Thex situ annealed

2 samples represent this equilibrium state. The results from the
2 - atomic resolution STEM study ah situ annealed AlO;/Si

.."c-’- indicate that there may be intriguing design issues in the use
= |} (€)1 of amorphous AlO; as a highx dielectric in integrated cir-

cuit technology and that increased applicability can be ob-
tained by developing methods to control and optimize the
excess oxygen in thas-depositedilms.
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